. In adultsisting of rapidly changing sounds and steady-state hood, most individuals cannot distinguish certain nontonal sounds, and examined associations and/or dissonative speech sounds from similar ones belonging to ciations between the anatomical correlates of the three the native language. The results of laboratory studies stimulus types (see Figures 1 and 2 ). aimed at improving nonnative phonetic perception have Synthetic seven-step continua were used for all three shown that some contrasts are more easily learned than stimulus types, and testing and training procedures others. Interestingly, even among adults with very simiwere identical for each of these. Subjects were tested lar language backgrounds, considerable individual difusing an identification task before and after training. ferences exist in the ability to learn to perceive "difficult"
were large individual differences in learning rate across selected in the following manner. We chose ten of the fastest learners who also had the highest white matter subjects; L scores ranged from 378 to 593. density values and ten of the slowest learners who also Relationship between Pre-Test, Post-Test, had the lowest white matter density values at the followand Training Measures ing parieto-occipital location in the left hemisphere: There was a significant relationship between pre-trainx ϭ Ϫ14, y ϭ Ϫ66, z ϭ 39, t ϭ 5.38, r ϭ 0.57 ( We manually labeled the parieto-occipital sulcus in T1-weighted MR images of these 20 individuals. We Imaging Results averaged these labels separately for the faster and Voxel-Based Correlations with Behavior slower learners, thus creating probability maps for this Refer to Table 1 for list of morphological analyses and sulcus ( Figure 6 ). It can be seen from these images that main results. There was a positive correlation between the sulcus appears to be located more posteriorly in the L scores and the white matter density in a region just faster learners as compared with the slower learners. anterior to the parieto-occipital sulcus bilaterally (Fig- In order to test this apparent location difference, we ures 4A-4C and Table 2 ), suggesting that there is more performed a mixed, two-factor analysis of variance on white matter and/or less gray matter in these regions the y axis location of the center of gravity of the sulcus. in faster relative to slower learners. As expected, the The between-subjects variable was group (faster versus correlation with the gray matter maps yielded similar slower learners), and the within-subjects variable was results with t values in the opposite direction (Table 2) .
hemisphere (right versus left). We found a main effect The t value in the left hemisphere ( Table 2) the location of the sulcus for the faster relative to the and gray/white matter density anterior to the parietoslower learners. In other words, there is a greater asymoccipital sulcus may be due to differences across submetry (left more posterior than right) in the position of jects either in the location or in the gray matter volume the sulcus in faster learners. We also performed a mixed, of this sulcus. In order to distinguish between these two-factor analysis of variance on the volume of the two possibilities, we performed regional morphometric parieto-occipital sulcus. These volumes were obtained by summing across all labeled voxels for each subject. analyses of the parieto-occipital sulcus of 20 individuals 
Parietal Volumes
The difference in the location of the parieto-occipital the amount of white relative to gray matter in the left relative to the right hemisphere ( Figure 7B ). Tests of sulcus across subjects may arise from differences in the volume or shape of the parietal lobes, which lie simple interactions revealed that for slower learners, the hemisphere by tissue interaction was not significant. anterior to the sulcus. It is possible that larger parietal lobes in faster learners result in a posterior "positional Correlational analyses between the gray and white matter volumes of the left and right parietal regions with shifting" of the sulcus relative to slower learners. In order to test this possibility, we performed a mixed factor the rate of learning across the 20 subjects confirmed the above pattern of results. based on performance on the nonlinguistic stimuli even when adjusting for shared variation in performance on hemisphere in individuals who learn the nonlinguistic stimuli more rapidly relative to those who learn these the Hindi stimuli with a p value of 0.07 (t ϭ 1.87, p ϭ 0.07). There was no association between parietal lobe sounds more slowly. A test of part correlations revealed that in the right hemisphere, there is a significant amount volumes and performance on the tonal stimulus type. Corpus Callosum Area of unique variation associated between performance on the nonlinguistic stimuli and white matter volume, even Visual inspection of the statistical parametric maps from the voxel-based analyses reveal that significant bilateral when adjusting for variation in performance associated with the Hindi stimuli (t ϭ 2.00, p Ͻ 0.05). In the left differences in morphology in the parieto-occipital region appear to lead inferiorly and medially to the corpus callohemisphere, white matter volumes can be predicted of training, whereas the post-minus pre-training improvement measures reflect performance during testing Discussion when no feedback is offered. These two measures are likely related to different cognitive processes. For inWe found a relationship between the rate of phonetic stance, during training, feedback helps subjects to atlearning and the gray and white matter volumes in the tend to features that are critical in distinguishing the parietal lobe in the left hemisphere, as well as a similar, dental and retroflex sounds, and this may result in more marginally significant pattern of results in the right hemistable task performance than during later testing. It is also likely to improve motivation during the performance sphere. We also found a significant relationship between reason, area measurements of specific subdivisions of and colleagues (1993), it was suggested that the left the CC may not be well suited to detect possible regional supramarginal gyrus is the substrate underlying the phodifferences. It is also possible that existing differences nological store component of verbal working memory. between our groups in the number of interhemispheric They also, however, found weaker, nonsignificant activfibers "funnel" together and are more densely packed ity in a symmetrical right supramarginal region, sugat the midsagittal level, such that they do not result in gesting that this region in the nondominant hemisphere a detectable overall difference in the area of the CC.
is also involved in some aspect of phonological proDespite the nonsignificant CC area results, the possibilcessing. Our morphological results are also consistent ity that there is greater interhemispheric connectivity in with this latter finding in that we demonstrated that in faster relative to slower learners may still hold. In support faster learners, there are greater white matter volumes of this, Figure 8 shows that significant bilateral differbilaterally relative to slower learners. ences in morphology in the parieto-occipital region apThe finding of morphological differences in the paripear to lead inferiorly and medially to the corpus calloetal lobes bilaterally between faster versus slower phosum and extend into the opposite hemisphere. The t netic learners parallel those of a functional magnetic statistic at the midsagittal level of the corpus callosum resonance imaging (fMRI) study in which we examined was not significant using a stringent correction for multichanges in brain activation related to phonetic learning ple comparisons; however, a t value of 2.73 at the loca-(N.G. and R.J.Z., submitted). Ten monolingual Englishtion x ϭ 0, y ϭ Ϫ41, and z ϭ 14 suggests that there speaking subjects (not part of the present sample) were tends to be more white matter at this location in faster scanned while performing an identification task both relative to slower learners. These results are qualitatively before and after five sessions of training with a Hindi nonetheless interesting and support the interhemidental-retroflex nonnative contrast. There was a large spheric connectivity hypothesis. range in training-related improvement in identification The second interpretation, not exclusive with the first, performance. We correlated a behavioral measure of for the more posterior position of the parieto-occipital improvement with the fMRI signal during the post-trainsulcus in faster relative to slower learners is that it may ing phonetic comparison. Results revealed greater bilatindirectly result from differences in the size or shape eral parietal lobe (BA 39, location in the left hemisphere: of structures adjacent to this sulcus. The parietal lobe x ϭ Ϫ54, y ϭ Ϫ66, z ϭ 26, and in the right hemisphere: includes Brodmann's areas (BA) 39 and 40, which x ϭ 44, y ϭ Ϫ70, z ϭ 34) activation in the angular gyrus, roughly correspond to the angular and supramarginal a region adjacent and posterior to the supramarginal gyri, respectively, and it is posteriorly demarcated by region found by Paulesu and colleagues (1993), in indithe parieto-occipital sulcus. It is possible that in faster viduals who improved more relative to those who did learners, the parietal lobes are larger or shaped differnot benefit from the training. This correlational finding ently than in slower learners, resulting in a relatively supports the idea that "good learners" recruit these more posterior location of the parieto-occipital sulcus more posterior temporoparietal regions relatively more in the former relative to the latter group. In support of than do "poor learners" and that activity in this region this, we found that, in the left hemisphere, there is a is modulated by learning. This finding, as well as those relationship between the rate of learning and amounts of the present study, suggests that bilateral structural of parietal lobe gray and white matter such that there and functional differences in the parietal lobes can in is less gray and more white matter in the faster relative part predict phonetic learning in normal individuals. Furto the slower learners. There was a similar, marginally ther, the results of these two studies taken together significant pattern of results in the right parietal region.
can suggest that, in individuals who learn new speech There was evidence for overall larger parietal volumes sounds rapidly or more proficiently, larger white matter in the left relative to the right hemisphere in both faster volumes in the parietal lobes may be the anatomical and slower learners. Furthermore, we found evidence feature that gives rise to greater functional activation in that, in faster learners, there is a more marked asymmethese regions during the performance of phonetic tasks. try (L Ͼ R) in the amount of white relative to gray matter ( Figure 7B resulted in overall improvement in the ability to identify this sound versus the native dental one in a large group of subjects. A consider-
Conclusion
able range in performance was observed across subjects. lates of other aspects of human cognition and behavior.
We have demonstrated that differences in white and

Synthesis of Stimuli
Rapidly Changing Nonlinguistic Stimuli. Nonlinguistic stimuli were formant based and therefore had a voice-like quality yet did not Experimental Procedures represent phonemes from any existing language. The acoustics of the nonlinguistic stimuli were analogous to those of the speech Subjects syllables in that in both of these seven-step continua, the frequency Our subjects included 59 healthy right-handed adult volunteers, 33 glide of the third frequency band was manipulated. The nonlinguistic male and 26 female. Ages ranged from 18 to 39 years (mean age stimuli were different from the speech ones in that the frequencies 22). All subjects spoke English, and a subset also spoke one or more of the "formants" were arbitrarily selected and in that there was no additional languages, none of which employ the retroflex sound. For noise burst preceding the sounds. These sounds were created in a manner similar to those used by Belin and colleagues (1998). Our each subject, audiometric testing revealed normal hearing. stimuli were different from theirs in two respects: first, the direction training block. Training was discontinued either once a subject achieved criterion on this last contrast or once they had completed and slopes of our glides were different, and second, their stimuli had frequency glides both at the beginning and at the end of the a maximum of 200 trials (10 blocks) and lasted approximately half an hour per stimulus type. sounds, whereas ours only had glides at the beginning.
The acoustics of the nonlinguistic stimuli are the following. All of Psychophysical Analyses Laboratory training studies using synthetic phonemes typically inthe stimuli lasted 220 Hz. The fundamental frequency ( Resulting values were then subtracted from 600, which was the procedures were followed for each of the three stimulus types, maximum possible value, yielding an L score. This learning can the order of which was counterbalanced across subjects. For each range from 0 (slowest possible learner) to 600 (fastest possible stimulus type, subjects were first familiarized with the sounds; they learner). were then randomly presented with 20 instances of each of the two For each of the three stimulus types, we measured (1) pre-training endpoint stimuli. As each stimulus was presented, subjects saw its identification slopes, reflecting initial performance; (2) post-minus corresponding label on the computer screen: "A" for one endpoint pre-training slopes, reflecting the amount of improvement in the stimulus and "B" for the other. In the phonetic condition, "A" correability to classify the two sounds resulting from training; and (3) L sponded to the dental sound and "B" to the retroflex one. In this scores, reflecting rate of learning. We correlated these three meacondition, subjects were then asked to describe what "A" and "B" sures for the Hindi stimuli with brain morphology using a voxelsounded like to them. Typically, they produced the sound(s) that they wise analysis. This analysis was followed by regional morphometric heard and then used words to describe subtle qualitative differences analyses in brain areas detected by the voxel-based analysis. which they may not have been able to produce accurately.
Pre-training identification testing was then conducted. Following this, subjects were trained, using the adaptive training procedure Scanning Protocol and Morphometric Analyses We used a voxel-based statistical analysis (Ashburner and Friston, described below. Identification tests were readministered after training.
2000) in order to determine whether there is a systematic relationship between the behavioral measures of interest and regional amounts Identification Testing During the identification task in the speech sound condition, subof gray matter or white matter. The following three MR sequences were used: T1-weighted (3D fast field echo scan with 140-160 slices, jects were encouraged to use the descriptions of "A" and "B" that they had provided during familiarization. In all three stimulus-type 1 mm isotropic resolution, TR ϭ 18 ms, TE ϭ 10 ms, flip angle ϭ 30Њ), T2-weighted (2D multislice fast spin echo scan with 140-160 conditions, they were presented with one sound at a time from the seven-step stimulus continuum and asked to label each of these 2 mm slices with a 1 mm overlap, TR ϭ 3300 ms, TE ϭ 35 ms), and proton density-weighted (as for T2 scan but with TE ϭ 120 ms). sounds by pressing either of two mouse buttons, each one corresponding to one of the two endpoint stimuli. Each of the seven Each of these image volumes underwent a nonuniformity correction (Sled et al., 1998) It allows them, if they do well using the endpoint stimuli, to try to gray matter (GM) and white matter (WM) maps were then smoothed using a Gaussian smoothing kernel of 10 mm full-width at halfdistinguish dental and retroflex sounds which are a smaller step size apart. This training paradigm is likely to help individuals attend maximum, resulting in three-dimensional (3D) maps of GM and WM "density." Smoothing serves the purpose of converting binary into to the relevant acoustic differences between the dental and retroflex sounds. Training involved 20 trial identification training blocks. Subcontinuous data, which is necessary for correlating the signal with a continuous behavioral measure. It also serves to weigh the signal jects were presented with either sound 1 or sound 7 and were asked to press one of two mouse buttons corresponding to the presented at each voxel according to the signal in neighboring voxels, thereby reflecting the amount of gray or of white matter within the smoothing sound. They received feedback on the computer as to whether their response was correct or incorrect. If and when an individual kernel (i.e., GM or WM regional "density"). 
